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ABSTRACT 

Sequence analysis of the transiocation breakpoint junctions on the 
der(14q-) chromosome in six patients carrying a t(10;14) chromosome 
transiocation revealed that the breakpoint occurred 5' to the HOXl l  
protooncogene at the breakpoint cluster region. HOXl l  coding sequence 
was not effected. The translocation resulted in the joining of the V-(D)-J 
recombination signals 5' to the T-cell receptor Dsz segment on chromo- 
some 14 with chromosome 10 at a location within a heptamer-like se- 
quence. At the breakpoint junctions, the insertion of extra nucleotides, 
N-nucleotides, including P-nucleotides, was evident. The mechanism in- 
volved in this process is discussed. 

INTRODUCTION 

Cytogenetic abnormalities consisting of translocations, inversions, 
deletions, and insertions are nonrandomly associated with certain 

types of human malignancies (1, 2). In lymphoid malignancies the 
majority (>60%) of the chromosomal translocations involve the im- 
munoglobulin or TCR 3 genes (for review see Ref. 3). In T-cell 

leukemia/lymphoma the translocations frequently involve the TCRa/6 
locus on chromosome 14ql l  (4). 

The variable region of the TCR and the Ig genes are encoded by 

V-(D)-J DNA segments that are assembled into complete variable 
region genes by recombination (5, 6). Those DNA rearrangements are 
mediated by a recombinase system that recognizes short DNA se- 

quences (termed signal sequences) situated adjacent to coding seg- 
ments. Signal sequences consist of conserved heptamer and nonamer 
sequences separated by conserved spacer of 12 or 23 nucleotides. The 
recombination process is thought to involve cleavage at the border 
between a signal heptamer and a coding segment, followed by rejoin- 
ing of the DNA ends into new formations of coding and signal joints 

(5). Template independent nucleotides, N-nucleotides, are frequently 
inserted at the coding and signal junctions during TCR rearrangements 

(5-10). TCR and Ig genes rearrangement has been considered exclu- 
sively as a cis process (6, 10). However, recent studies indicate that 
those genes can and are trans-rearranged as well (11, 12). DNA 
rearrangements involving Vv-(D,)-J 8 and V~-(D,)-Jv were detected in 
human thymus peripheral blood and tonsils, indicating the occurrence 
of t(7;14)(p15;qll) chromosome translocation in normal individuals 
(11, 12). In addition, frequent chromosomal rearrangement at the Ig 

and TCR loci have been observed in cytogenetic studies in lympho- 
cytes from normal human peripheral blood (13, 14). 

The t(10;14)(q24;qll) chromosome translocation is seen in 5%- 
10% of patients with T-ALL 3 (15, 16). By means of somatic cell 
hybrids and molecular cloning we and others have demonstrated the 
direct involvement of the TCR J6 and/or D~ segments in the trans- 
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location breakpoints (17-21). A candidate protooncogene, HOX11, a 

homeobox gene, was identified on the derivative (14q-) chromosome 

(19, 22-25). In the present study, we have analyzed DNA from several 

T-ALL patients having t(10;14) chromosomal breakpoint within the 

H O X l l  breakpoint cluster region. 

MATERIALS AND METHODS 

Patient Material. DNA was extracted from peripheral blood lymphocyte 
of T-ALL patients with the (10;14) chromosome translocation by standard 
procedures (26). For Southern blot analysis 10-/xg samples of high molecular 
weight DNA were digested to completion by various restriction enzymes, 
fractionated on a 0.6% agarose gel (FMC), and transferred to a nylon mem- 
brane (Oncor) essentially as previously described by Southern (27). For de- 
tection of the t(10;14) chromosomal translocation, the filters were hybridized 
to a panel of DNA probes including pjkl.7E/B, pjk0.6B, and pjk4.5B, (Fig. 
1B), and TCRJ~a, pl015.OE (Fig. IA) (18). 

PCR Amplification. Amplification with Taq DNA polymerase was per- 
formed according to the manufacturer's instructions (Perkin-Elmer Cetus, 
Norwalk, CT) with minimal changes. Twenty ng of purified DNA were sub- 
jected to 30 cycles of PCR amplification in a 20-t~l 1 • PCR buffer (10 mM 
Tris-HCl, pH 8.3; 50 mM KC1; 1.5 mM MgCI2; 2 mM deoxynucleotide triphos- 
phates; 1 /~M of each of the 2 primers) with 0.5 unit of Taq DNA polymerase. 
The reaction mixtures were overlaid with 20/~1 of paraffin oil and the capped 
tubes were incubated for 10 min at 94~ followed by 30 serial cycles of de- 
naturation (1 min at 94~ annealing (1 min at 62~ and primer extension 
(2 min at 72~ in a Perkin-Elmer DNA thermal cycler. After the final cycle 
the tubes were incubated for 10 min at the extension temperature of (72~ 
The PCR products were extracted twice with chloroform and a portion 
(10 /~1) of each sample was subjected to size fractionation on 2 or 4% aga- 
rose gel (SeaKem GTG, Nusieve GTG agarose, 1:3, FMC). Following gel 
electrophoresis, the DNA fragments were transferred to a nylon membrane 
and hybridized to a T4 polynucleotide kinase (Pharmacia) end-labeled oligo- 
nucleotide specifically designed to be complementary to an internal segment 
of the amplified sequence. 

Oligonucleotides. Oligonucleotides were synthesized and purified by high 
performance liquid chromatography at the University of Texas M. D. Anderson 
Cancer Center, Molecular Diagnostic Laboratory. HOXll-7, 28 mer, 5'- 
AGACGTCGACGGCAACAGCGGCTCCTGG-3' is the reverse complemen- 
tary of the HOXll sequence from positions 1 to 18 (22). HOXll-I, 30 met, 
5'-GTACCGCGGCCGCTCGAACCCTGTAGGA'YF-3' is similar to the pub- 
lished sequence at positions 7-23 (23). TCRD-12, 28 met, 5'-AGACGTC- 
GACTATACTGATGTGTYrCAT-3', is similar to the published sequence 5' to 
the TCRD~2 segment (Fig. 1A) (28). Probe D (Fig. 3), was published previ- 
ously (29). Primers C and E (Fig. 3), used for PCR amplification of the 
derl0q+ chromosomal junctions, were reported previously (29). Each primer 
was designed to contain both a primer sequence that is either complementary 
or reverse complementary to a flanking sequence of the chromosomal break- 
point and an anchor sequence having several endonucleases restriction sites 
(AatlI, SalI in HOXll-7; SaclI, NotI in HOXll-I; RsaI, SacII, Nod in TCRD- 
12) to facilitate subcloning of the amplified fragments into pBluescript SK- 
(Stratagene) for further studies. 

Nucleotide Sequence Analysis. The DNA sequences of the PCR amplified 
t(10;14) chromosomal junctions at the breakpoint cluster region and the ger- 
mline configuration were determined using the dideoxy chain termination 
method (30). The DNA templates containing inserts subcloned into pBluescript 
SK-(Stratagene). At least 3 independent clones were sequenced on both DNA 
strands. 
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Fig. 1. Probes and maps of chromosomal regions involved in the t(10;14) chromosomal trans|ocation. A, the TCR8 locus. Note the location of the primer TCRD-12 5' to D82 segment. 
B, HOX11 translocation breakpoint region. I, the variant t(7;10) breakpoint (35); II, scattered t(10;14) breakpoints (11, 14, 15); III, the breakpoint cluster region (8, 10, 13, 14); IV, 
translocation breakpoint in HOXll first intron (12). Probes are indicated below the restriction map. Exons are indicated as boxes; open boxes in the HOX11 gene represent noncoding 
exons. Horizontal arrow, transcription orientation. Restriction enzymes: B, BamH; E, EcoRI; H, HindlII; PV, PvulI; X, XbaI. 

RESULTS 

Several previous studies have shown that the majority (15 of 19) of 
t(10;14) breakpoints occurred in the HOXll gene at the translocations 
breakpoint cluster region (Fig. 1) (18-21, 23-25). Of the remaining 
breakpoints, most have been shown to occur at various sites flanking 
the 5' region and within the first intron of HOXll  (Fig. 1B) (17-20, 
23, 24). We and others have reported that the translocation breakpoint 
on the der 10q+ resulted in juxtaposition of TCR D83 or Js, segments 
to chromosome 10 sequences (18--21). 

DNA samples from patients with T-cell acute leukemia with known 
cytogenetic abnormalities were examined by Southern blot analysis 
using TCRJsl probe pl01 5.0E (18) and HOXll  probes as indicated 
in "Materials and Methods" and in Fig. 1. PCR amplification across 
the der 10q+ chromosomal juncture, using primers C and E (29), 
showed that the translocation breakpoints occurred within the HOX11 
translocation breakpoint cluster region (data not shown). 

To further understand the mechanism involved in the generation of 
chromosomal translocation breakpoints, selected DNA sequencing 
was carried out on germline chromosome 10 DNA in a region flanking 
the 5' portion of HOXll,  and across the reciprocal breakpoint junc- 
tions on the der 14q- chromosome. PCR amplification of the germline 
chromosome 10 sequences was accomplished utilizing primers 
HOXll-I  and HOXll-7. For PCR amplification across the 14q- 
breakpoint junction, we have used primers HOXll-7 and TCRD-12. 
Comparison of the breakpoint sequences, with germline chromosome 
10 and 14 confirmed that the breakpoints occurred at the HOXll  
translocations breakpoint cluster region (Figs. 2 and 3). On chromo- 
some 14 the breakpoints occurred at TCR D~2 coding segment. The 
D~2 coding sequence was completely deleted in VB, and at the most, 
one or both of the 5' CC nucleotides were retained at the 14q- 
junction in the other 5 patients (Fig. 2). In all cases, except one, 
insertion of template independent nucleotides, N-nucleotides, were 

TCRD8 2 

DW 

VB 

AR 

BN 

JS 

JM 

CH.10 

D~ 2 

5 ' - GGTTTTTATACTGATGTGTTTr ' 

5 ' -TATACTGATGTGTTTCATTGTGCC aatcaacccga CTCCTCTCCGCGCACAGCCAATGGAGAGACCCAGTCGAAACGCGAAG-3 ' 

5'-TATACTGATGTGTTTCATTGTG acacccg 

5'-TATACTGATGTGTTTCATTGTGC atcaccgcct 

5'-TATACTGATGTGTTTCATTGTGCC 

CTCTCCGCGCACAGCCAATGGAGAGACCCAGTCGAAACGCGAAG-3' 

CTCCTCTCCGCGCACAGCCAATGGAGAGACCCAGTCGAAACGCGAAG-3' 

TCCGCGCACAGCCAATGGAGAGACCCAGTCGAAACGCGAAG-3' 

5'-TATACTGATGTGTTTCATTGTGC tta TCACCCCGCTCCTCTCCGCGCACAGCgAATGGAGAGACCCAGTCGAAACGCGAAG-3' 

5'-TATACTGATGTGTTTCATIGT$C tcaccc CTCCTCTCCGCGCACAGCCAATGGAGAGACCCAGTCGAAACGCGAAG-3' 

5•-CCTCCCCTCCCCTCCCTCGCGCTGTCATTCACCCCGCTCCTCTCCGCGCACAGCCAATGGAGAGACCCAGTCGAAACGCGAAG-3• 

Fig. 2. The 14q- breakpoint junctions. TCR D82 and the recombination signals around TCR D82 coding segments are underlined. Inserted N-nucleotides are in lower case letters. 
P nucleotides are in bold letters. Chromosome 10 heptamer like sequence is underlined. 
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TGTCCCAGAGTCAACAGCGAGCGAGCAGCCGGAGCGGGGAAGCAGAAGCC 350 

AGAGAGGGGAAGAATACGGCGC CCCCTCTCTCCCTCC CCTCCCCC TTCTA 400 

CTTTAGCCTTTCTGCGCACTTCGCTTCCAAGTCTCCGCGCAGC CAGGAGC 450 
HOX11-7 

CGCTGTTGCCTCCCAGCCCCTGCTAGCTGCCCCCCGAGCCGAGCGCAGCG 500 

AGCGCCGCCGCCCGGGCCCC CCGGTGGGC~CAGGGCCAGCATGGAGCACC 550 
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Fig. 3. Molecular organization of the HOXl l  cluster region. Arrows, location of the 
translocation breakpoints on the der (14q-). Heptamer-like sequence adjacent to the 
breakpoint is indicated by the shaded area. Primers C, D, and HOXll -7  are underlined. 
Asterisks, transcription initiation site (13). The germ line sequence was determined pre- 
viously (8) and by direct sequencing of PCR amplified DNA fragments between primers 
HOXll - I  and HOXll-7.  Primer HOXl l - I  is located 453 base pairs 5' to the sequence 
presented here. 

observed (Fig. 2). If the CC nucleotides are not a remnant of the D82 
segment but instead part of the inserted N-nucleotides, the 5'C nucleo- 
tides may correspond to a palindrome nucleotide (P-nucleotide). P- 
nucleotides were previously identified as frequent inserts of 1 or 2 
nucleotides at the ends of a subset of V-(D)-J coding segments that do 
not demonstrate nucleotide loss. The added nucleotides appear to be 
inverted repeats of the last 1 or 2 nucleotides of the coding ends (5, 
7-9). P-nucleotides are also present adjacent to the breakpoint on 
chromosome 10 in patients VB and JS (Fig. 2). Notably, flanking the 
breakpoint site on chromosome 10 at a distance of 6-20 base pairs, is 
a heptamer recombination signal sequence 5'-CACAGCC-3' (5 of 7 
match consensus) (Figs. 2 and 3) (18). 

Thus in all cases the reciprocal translocation resulted in the juxta- 
position of recombination signals, in which the chromosome 10 hep- 
tamer joined the heptamer-spacer-nonamer at the 5' end of the D~2 
segment on chromosome 14 (Fig. 2). All of the translocation break- 
points that we have analyzed were clustered within the previously 
identified breakpoint cluster region (18), 50 base pairs 5' to the 
HOXll transcription initiation site (Fig. 3) (23). 

DISCUSSION 

Studies of DNA surrounding certain translocation breakpoints in 
lymphoid tumors have led to speculation that the recombination be- 
tween the Ig/TCR locus and putative oncogene locus may sometime be 
mediated by recognition of the heptamer nonamer recombination sig- 
nals adjacent to the Ig/TCR coding segments and another heptamer 
like sequence at the putative oncogene locus (3, 31). This assumption 
was further supported by recent discovery of TCR trans rearrange- 
ments in normal individuals (11, 12). 

In the present study, we have analyzed the der 14q- chromosome 
breakpoint junctions in the cells of six T-ALL patients carrying a 
t(10;14) chromosome translocation. Our results indicate several fea- 
tures frequently observed near translocation breakpoints involving Ig 
and TCR genes: (a) The TCR D~ locus was involved in all the 
breakpoints; (b) N-nucleotides and P-nucleotides were inserted at the 
chromosomal junctions; (c) adjacent to the translocations breakpoint 
cluster region, on chromosome 10 is a heptamer-like sequence; (d) the 
reciprocal breakpoint junctions, on the der 10q+ chromosome, were 
fused to D83 or J81 segments (18-21). To explain the mechanism 

which results in chromosomal translocation with joint signals on the 
der 14q- chromosome, we propose a model based upon TCR rear- 
rangement. In TCR D~2 to D53 rearrangement the recombinase is 
introducing specific cuts at the 3'D82 border and at the 5' D83 border 
(Fig. 4A). This is followed by ligation, which results in joining of D82 
D83 coding segments and the excision of the recombination signals a 
and d as circular DNA (Fig. 4A). We assume that the t(10;14) chro- 
mosomal translocation occurs in a stem cell precursor of the T-cell 
leukemia which is undergoing TCR~ D~2 to D83 or J61 rearrangement. 
During the process of TCR D~2 to D~3 rearrangement, after the intro'- 
duction of specific cuts at 3' D~2 and 5' D~3 borders, the recombinase 
instead of completing the D82-D~53 fusion, is joining in trans chromo- 
some 10 heptamer-like sequence to the 3' end of D~2 (Fig. 4B). 
Simultaneously D52 coding segment is extensively nibbled. The re- 
ciprocal translocation joins D~3 to chromosome 10 sequences (Fig. 
4B). The result is a reciprocal chromosomal translocation with joint 
signals on the der(14q-) chromosome and the excision of circular 
DNA with joint of recombination signals a and d (Fig. 4B). Alterna- 
tively, the translocation may have occurred at the 5' D82 border and 
the recombination signal. In this case, to comply with the 12/23 rule 
(5), which permits V-(D)-J recombination only between heptamer and 
nonamer signals separated on one side of a potential join by 23 base 
pairs and on the other side by 12 base pairs, we propose a two step 
recombination model. In the first step, during an attempt olD82 to D~3 
rearrangement, there is a signal sequence replacement between signals 
a and d (Fig. 4C). After this step, in compliance with the 12/23 rule, 
D~2 to D83 rearrangement may involve one of the recombination 
signals flanking D~2 (c or a) and one of the recombination signals 
flanking D83 (d or b). In the second step, during rearrangement which 
involves the 5' D~2 recombination signal c and the new 5' D~ 3 re- 
combination signal d, the recombinase instead of completing the cis 
rearrangement, is joining in trans the chromosome 10 heptamer e to 
the recombination signal c. The result is the reciprocal translocation 
with joint signals on the der(14q-) chromosome and the excision of a 
circular DNA with D~2 coding segment flanked by the recombination 
signals a and d (Fig. 4C). Although signal replacement at the TCR~ 
locus and the excision of the predicted circular DNA were not reported 
yet, signal replacement was previously observed in IgH rearrangement 
(32). Our model is in agreement with previous reports which sug- 
gested that isolated heptamers can participate in joining of the Ig and 
TCR loci coding segments (33-35) as well as in promoting chromo- 
somal translocations in lymphoid malignancies (3, 18, 20, 31, 36-40). 
Signal joints at the translocation breakpoint junction on the der (14) 
chromosome was reported in T-ALL cell line RPMI 8402 with 
t(11; 14)(p 15; q 11), but in this case the translocation probably occurred 
during V~ to D~2083 rearrangement (39, 40). TCR8 breakpoints fall 
1-2 nucleotides 3' to the TCR heptamer, while the HOX11 breakpoints 
are at variable distance of 6-20 base pairs from the 5' end of the 
10q24 heptamer. Similar distances between the breakpoint and a hep- 
tamer-like recombination sequence were also reported in recombinase 
mediated rearrangements in T-ALL with t(ll;14) chromosomal trans- 
location at the TCR8 locus (36) in T-cell leukemia with t(1;3) trans- 
location (37) and at the breakpoint junctions of frequent deletions in 
T-cell leukemia at the TALl locus (38). Furthermore, in some cases 
where isolated heptamers were reported to participate in joining the Ig 
and TCR coding segments, the rearrangement breakpoints occurred at 
a variable distance (5-9 base pairs) from the heptamer sequence as 
well (33-35). Recombination studies using aritificial plasmid sub- 
strates with mutations in one or both consensus recombination se- 
quences demonstrated that the heptamer, but not the nonamer, is 
necessary and sufficient for some level of recombination (41). 

It is possible that the fidelity of recombinase mediated rearrange- 
ment, using only a single recombination signal, heptamer, is lower 
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Fig. 4. Model for generation of t(10;14) chromosomal translocation with signal joints on the der 14q- chromosome. A, TCR D~2 to D,3 rearrangement. The recombination process 
involves the 3' D,2-d and 5' D83-a recombination signal. The result is joining of coding segments and the excision of circular DNA with joining of recombination signals a and d. B, 
trans rearrangement. During the process of D,2 to D83 rearrangement as in A, the V-(D)-J recombinase identified in trans a chromosome 10 heptamer recombination signal e. Extensive 
trimming of D,2 results in joint of recombination signals c and e on the der 14q- chromosome. The reciprocal translocation results in joining of chromosome 10 sequences to D83 coding 
segment. The excision of the circular DNA is as in A. C, trans rearrangement involving the 5' D82 recombination signal. The first step involves signal sequence replacement between 
recombination signals a and d. The second step involves trans rearrangement between recombination signals c and e resulting in generation of signal joint c and e on the der 14q-. 
The reciprocal translocation as in B. The excised circular DNA includes D82 flanked by recombination signals d and a. Boxes indicate coding segments, k ,  &, recombination signal 
sequences bearing 12- and 23-base pair spacer region. Addition of novel nucleotides at the junctions are not included in the model, but these processes are presumed to occur after 
cleavage of DNA and before joining. Thin line, chromosome 14; thick line, chromosome 10. 

resulting in lower precision in introduction of the double stranded cuts 
at the heptamer border. The t(10;14) chromosome translocations re- 
gion in T-ALL, spans -11  kilobase pairs of chromosome 10 (Fig. 1B). 
The majority (15 of 19) of the published translocations fall within the 
breakpoint cluster region (Fig. 1B, region III) (18-21, 23-25). Se- 
quence analysis of some of the breakpoints frequently revealed a 
heptamer-like sequence adjacent to the breakpoint on chromosome 10 
(18, 20, 21, 23), implicating the V-(D)-J recombinase in generation of 
the breakpoints on both participating chromosomes. Exceptions were 
reported in a t(10;14) chromosomal translocation which involves the 
J~ region (19). In this case there was no evidence for a heptamer 
recombination signal next to the breakpoint on chromosome 10 (19). 
Thus, in that case, the evidence suggests that the recombinase com- 
plex was involved only in generation of the cuts at the TCR J~ locus, 
on chromosome 14, but not on chromosome 10. 

The V-(D)-J recombinase system is probably not the exclusive 
mechanism involved in generation of chromosome translocations at 
the Ig/TCR genes. In some translocation breakpoints, sequence analy- 
sis did not provide sufficient evidence for the presence of a recom- 
bination signal on the other participating chromosome (42, 43). In- 
terestingly, $1 hypersensitive sites were detected close to the HOX11 
breakpoint cluster region, indicating the possible formation of single 
stranded DNA structure (44). Other DNA conformational structures, 
such as purine-pyrimidine tract which may form a potential Z-DNA, 
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were reported in close proximity to translocation breakpoints as well 
(42, 43). It was suggested that certain chromatin structures may give 
access for recombinase-mediated translocations (42). However, prac- 
tically none of the reported breakpoints occurred in those sequences 
(42, 43). Furthermore, at the HOXll  locus scattered breakpoints were 
detected in up to 11 kliobase pairs 5' to the translocations duster 
region (Fig. 1B), some of them in a region without any detectable S] 
hypersensitive sites (44). 
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